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We present a natural sample from the coast of Sergipe, a state of Brazil, with a lamellar aluminosilicate
structure characterized by three major components: phlogopite (K2(Mg,Fe
2þ)6[Si6Al2O20](OH)4),
clinochlore (Mg,Al)6[Si3AlO10](OH)8 and goethite (aFeOOH). Ferrimagnetic behavior was found at room
temperature with a Curie temperature TC4300 K. At low temperatures, the zero ﬁeld cooling curve
showed a peak at 6 K attributed to frustration caused by a ferrimagnetic–antiferromagnetic coupling
between the lamellar structure (ferrimagnetic) and the grains of the antiferromagnetic goethite.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Layers of Si–Al–O can be formed when the ratio O/(SiþAl)¼2.5
is obeyed, giving rise to a type of lamellar structure of aluminosi-
licates which have interesting physical properties (mechanical,
spectroscopic, electrical, magnetic and others) that are connected
to the structure and chemical composition of the minerals, and are
subject to changes with them [1–5]. For many decades, layered
aluminosilicates have been studied due to their interesting struc-
tural complexities correlated to a large unit cell with many
isomorphic substitutions and crystalline disorders. Suzuki et al.
[6] observed the magnetic susceptibility of vermiculite intercalation
compounds with hydrated ions in the interlamellar space between
the aluminosilicate layers of Co2þ , Mn2þ and Cu2þ , and showed
them to essential have paramagnetic and ferromagnetic behavior
with Ni2þ , Dy3þ and Er3þ ions. In iron-rich minerals, the type
of exchange coupling between magnetic cations on adjacent sites
determines whether the moments of neighboring cations are
aligned in a parallel or antiparallel manner. In natural aluminosi-
licates, there is a high possibility of ionic exchange, allowing the
formation of a lamellar structure consisting of transition metals.
The composition may be subject to some variations, such as the
concentration of iron in the environment in which they were
formed, which remain open questions. Interesting magnetic proper-
ties have appeared in the lamellar minerals found in the coastal
region of Sergipe, a state of Brazil. The goal of this work, beyondx: þ55 7921056807.
sevier OA license.offering an analysis for SEM, EDS, XRF and XRD to identify the
material, is to determine the characteristics of magnetic properties.2. Experimental procedures
A natural sample from the coast of Sergipe, in Brazil, was
washed and separated from sand by a permanent magnet. A XRD
measurement was performed using a Cu Ka radiation source in a
Rigaku RINT 2000/PC diffractometer with 40 kV/40 mA. The
sample was deposited on a glass plate with glue, and thus all
the surfaces acquired a common orientation. Crystalline phases
were identiﬁed using the diffractometer in the Bragg–Brentano
geometry in the 2y range 5–501, in steps of 0.021, and with a
counting time of 18 s per step. The X-ray ﬂuorescence (XRF)
system was a S4 Pionner wavelength dispersive system. The
setup was operated at two different voltages and currents:
27 kV100 mA, and 60 kV45 mA. The characteristic X-rays
were detected using a PET crystal for Ca Ka and S Ka lines, a LiF
200 crystal for the Fe Ka line and a OVO-55 crystal for the O Ka
line. The aperture of the collimator used was 0.461 for Ca Ka and
O Ka lines with a step size of 0.0461 and of 0.231 for S Ka and
Fe Ka lines with a step size of 0.024. The sample was pressed,
forming a pellet which was directly analyzed at the XRF spectro-
meter. The microstructure was characterized by means of
scanning electron microscopy (SEM) (Philips XL30-TMP), using a
backscattered electron detector (BSED) to observe possible phase
differences in the sample. As the sample’s conductivity was very
good, no conductive covering was necessary, thus the sample was
only deposited over the specimen holder to be observed by SEM.
Fig. 1. XRD of oriented lamellar aluminosilicate with goethite crystallites.
Fig. 2. SEM of aluminosilicate composed of phlogopite and clinochlore with grains
of goethite.
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SQUID magnetometer MPMS-XL of the Quantum Design.Fig. 3. MH curves of aluminosilicate composed of phlogopite and clinochlore
with grains of goethite for a magnetic ﬁeld parallel to the basal plane of the
lamellar structure.3. Results and discussion
The analyses by XRF conﬁrmed the presence of Si, Al, O, K, Mg
and Fe as the major components, and revealed the possible
presence of Mn and Ti. The presence of Fe can mainly be
associated with presence of goethite and to a speciﬁc form of an
iron rich phlogopite. The XRD identiﬁed the presence of the three
major components: phlogopite (K2(Mg,Fe
2þ)6[Si6Al2O20](OH)4),
clinochlore (Mg,Al)6[Si3AlO10](OH)8 and goethite (aFeOOH)
(Fig. 1). The ﬁrst two belong to a family of typical minerals, and
the last is a hydrated iron oxide. A ﬁrst approach to sizing the
crystallite based on XRD data showed a value of around 40 nm for
the goethite crystallites and a 20 nm for the phlogopite crystallites
in the direction normal to the basal plane. This result suggested
that the lamellar structure presented by SEM must be composed of
an enormous number of quasi-monolayers of phlogopite (Fig. 2).
These quasi-monolayers include around 20 repetitions of the
unitary cell in the [00l] direction. SEM revealed a layered structure
with micrometer spacing. The grains among the layers are asso-
ciated with the phase of goethite.
Measurements of MH with parallel (Fig. 3) and perpendi-
cular (Fig. 4) magnetic ﬁelds to the basal plane of the lamellar
structure showed a ferrimagnetic behavior in the range between
2 and 300 K, with a small difference according to the direction of
the magnetic ﬁeld applied. In both directions, the domains were
relatively equally magnetized. At room temperature the magneti-
zation of saturation (Ms) showed values of 0.074 and 0.069 emu/g
for the parallel and perpendicular ﬁelds, respectively. The coerci-
tive ﬁeld (Hc) and the remanent magnetization (Mr) values also
presented slight differences between 88 Oe and 0.023 emu/g for
the parallel ﬁeld and 110 Oe and 0.008 emu/g for the perpendicular
ﬁeld. At a temperature of 2 K, we found values of Ms¼18 emu/g,
Hc¼229 Oe and Mr¼0.42 emu/g for the parallel ﬁeld and
Ms¼13 emu/g, Hc¼213 Oe and Mr¼0.41 emu/g for the perpen-
dicular ﬁeld.
The SEM and XRD measurements revealed that the sample
consists of mineral and crystal encrusted grains. The Ms values for
the perpendicular and parallel applied ﬁeld are nearly equal. Similar
behavior was observed for the Hc values. This behavior is correlatedto different contributions of magnetic domains in the plane of
the lamellae. Fig. 5 shows the DC inverse susceptibility as a function
of temperature, obtained from the ﬁeld cooling (FC) curve with
a magnetic ﬁeld applied parallel to the lamellar structures.
Using a typical equation applicable to ferrimagnetism [7] (w1¼
(Ty1)/Ceffx/(Ty2)) where y1¼1100 K, Ceff¼0.67 K emu/g Oe,
x¼10.600 K g Oe/emu and y2¼8 K offered a good ﬁt of the results
represented by the solid line. The high negative value of y1 indicates
a very strong antiferromagnetic interaction between magnetic
moments of the sublattice A and B of a spinel structure. The
positive value of y2 implies the development of a ferromagnetic
ordering of spins intra-lattice. These characteristics are consistent
with a two ferrimagnetic sublattice [8]. The Curie temperature for
any magnetic structure takes into account the interspin coupling
(exchange interactions) between the two spins of nearest neigh-
bors. In this case, the magnetic systems have been combined with
Fig. 4. MH curves of aluminosilicate composed of phlogopite and clinochlore
with grains of goethite for a magnetic ﬁeld perpendicular to the basal plane of the
lamellar structure.
Fig. 5. Inverse susceptibility as a function of temperature, obtained from the FC
curve for an applied magnetic ﬁeld parallel to the lamellar structure.
Fig. 6. Hc T and M T curves of aluminosilicate composed of phlogopite and
clinochlore with grains of goethite with a magnetic ﬁeld perpendicular to the
basal plane of the lamellar structure.
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lattices of clinoclore and phlogopite. Therefore, the paramagnetic
Curie temperature is obtained as the average of the interspin
couplings. The presence of antiferromagnetic components, probably
originating from goethite in a lamellar matrix formed by clinoclore
and phlogopite, contributed to the resulting magnetism. The transi-
tion temperature of goethite between 350 and 400 K was observed
by a slight deviation in relation to the inverse susceptibility (Fig. 5).
The small amount of goethite, measured by X-ray diffraction,
supports the hypothesis described above.
For analyzingM Twe chose a conﬁguration with the magnetic
ﬁeld applied parallel to the basal plane of the lamellar structure.
Fig. 6 shows the ZFC curve, FC curve and Hc, between 2 and 300 K.
For the ZFC measurement, the sample was cooled down at zero
ﬁeld from 300 to 2 K, and thus a ﬁeld of 100 Oe was applied. Data
were collected while the temperature varied from 2 to 300 K. In
order to measure the FC, the ﬁeld remained applied and the sample
was cooled from 300 to 2 K. The ZFC curve showed a peak at 6 K,which was attributed to frustration caused by a ferrimagnetic–
antiferromagnetic (F–AF) coupling between the lamellar structures
(ferrimagnetic) and the grains of goethite (antiferromagnetic).
Normally, the Hc decreases with increasing temperature, however,
due to frustration, F–AF was observed in the result of the Hc T one
valley. The insert in Fig. 3 conﬁrms this coupling by an exchange
bias at 2 K. At room temperature there was an overlap of the ZFC
and FC curves, showing non-zero magnetization, and indicating
TC4300 K. Despite the difﬁculties described by scientiﬁc commu-
nity in determining the correlation between mineral composition,
morphology, heterogeneity, bond disorder, and other physical
factor with magnetism [9] we got to pick up the major magnetic
contributions clearly from analysis of our material in study.4. Conclusions
This work could identify the presence of phlogopite, clinochlore
and goethite associated with ferrimagnetism. This magnetic property
has been linked to the iron rich phlogopite, and a frustrated system
associated with coupling between phlogopite–goethite, conﬁrmed
by an exchange bias at 2 K. The ferrimagnetic behavior was found
at room temperature with TC4300 K. Moreover, the parameters
y1¼1100 K, Ceff¼0.67 K emu/g Oe, x¼10,600 K g Oe/emu and
y2¼8 K presented a good ﬁt with the theoretical model applicable
to ferrimagnetic materials.Acknowledgments
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